Introduction
============

Oxygen therapy is applied for the treatment of various diseases and clinical conditions, including myocardial infarction \[[@B1]\]. The beneficial effects of increased oxygenation of plasma and body tissues are related to the stimulation of angiogenesis, anti-inflammatory response, and immune function \[[@B2]\]. On the other hand, it is well known that exposure to pure O~2~is toxic and could cause serious tissue damage. Although the molecular mechanism by which hyperoxia affects body tissues is not completely understood, there is accumulating evidence that reactive oxygen/nitrogen species (ROS/RNS) are important factors mediating both beneficial and adverse effects of increased oxygenation \[[@B2],[@B3]\]. Antioxidant supplementation was used to prevent negative impacts of oxygenation therapy, however, with contradictory results. While some studies have shown protective effects of exogenously administered antioxidants \[[@B4],[@B5]\] others have failed to demonstrate prevention against oxidative damage \[[@B6]\]. Recent studies from our laboratories have suggested that the adverse effects of classical oxygenation therapy on lungs are reduced when inhaled oxygen is partially ionized \[[@B7]\]. Long-term inhalation of partially positively ionized oxygen was associated with better surfactant activity, milder inflammatory response, and lower oxidative stress than inhalation of O~2~or partially negatively ionized oxygen.

The aim of present study was to compare the role of long-term classical oxygenation with molecular oxygen and oxygenation with partially ionized oxygen in oxidative damage to the guinea pig heart. For this purpose, we measured the markers of lipid and protein modifications: conjugated dienes, thiol group content, bityrosines, and lysine conjugates with lipid peroxidation-end products in cardiac mitochondria. Furthermore, to evaluate the role of mitochondria in oxygenation-induced oxidative stress, the enzyme activity of *α*-ketoglutarate dehydrogenase (KGDH), a key component of citric acid cycle was measured after different oxygenation treatments.

Material and methods
====================

Animals and Oxygenation Treatment
---------------------------------

All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by The US National Institute of Health (NIH publication NO 85-23, revised 1996), and the ethical guidelines of the Jessenius Faculty of Medicine, Comenius University in Martin.

Forty male Trik guinea pigs (supplied by IEP SAS, Dobra Voda, Slovakia) weighing 250-350 g were used in the experiments. For oxygenation experiments, guinea pigs were placed in a sealed metabolic chamber and exposed for a period of 17 and 60 h to 100% molecular (O~2~mol), partially negatively charged, · O~2~-, (O~2\ neg~) or partially positively charged, · O~2~+, (O~2\ posit~) oxygen as described previously \[[@B7]\]. The O~2~concentration was monitored periodically by an oxygen analyzer (Permolyt 3, Veb Junkalor, Germany). Partial and unipolar ionization of medical O~2~was induced as described previously \[[@B8]\] between two electrodes with 15 kV using plasma chamber Oxygen Ion 3000/Dr. Engler (CStronic GmBH, Austria) which is certified as medical therapeutic device. The control group inhaled atmospheric air.

Preparation of Cardiac Mitochondria and Determination of KGDH Activity
----------------------------------------------------------------------

At the end of oxygenation treatment, a lethal dose of anesthetics was injected intraperitoneally. Hearts were excised, immediately washed with physiological solution, and stored at -80°C until used. Mitochondrial fractions were isolated from thawed cardiac homogenates by differential centrifugation and sonication in water bath. KGDH activity was determined by monitoring NAD^+^reduction at 340 nm at 25°C \[[@B9]\]. Mitochondria (50 μg protein/ml) were incubated in medium containing 25 mM KH~2~PO~4~, 5 mM MgCl~2~, 0.5 mM EDTA, 0.1% Triton X-100, 40 mM rotenone, 2.5 mM *α*-ketoglutarate, 0.1 mM coenzyme A, 0.2 mM thiamine diphosphate and 1 mM NAD^+^at pH 7.25.

Determination of Lipid and Protein Oxidative Damage
---------------------------------------------------

Formation of conjugated dienes was estimated from the absorbance ratio A~233\ nm~/A~215\ nm~of mitochondria (0.02 mg protein per ml) dispensed in 10 mM phosphate buffer containing 1% Lubrol \[[@B10]\]. Total thiol group content was determined spectrophotometrically at 412 nm (ε = 13.6 mM^-1^cm^-1^) as described previously \[[@B10]\]. All fluorescence measurements were performed in solution containing 0.05 mg of mitochondrial protein per ml, 10 mM HEPES and 100 mM KCl, pH = 7.0 at room temperature on a PerkinElmer LS 55 spectrophotofluorimeter, as shown previously \[[@B12]\]. The emission spectra of bityrosine, a product of tyrosine oxidation, were recorded in a range of 380-440 nm (5 nm slit width) at the excitation wavelength of 325 nm (5 nm). The emission spectra (425-480 nm, 5 nm) of lysine conjugates with LPO-end products were recorded at excitation of 365 nm (5 nm).

Statistical Analysis
--------------------

Data are expressed as means ± SE. One-way analysis of variance with post-hoc comparisons by a Student-Neuman-Keuls test was carried out to test for differences among groups. A value of p \< 0.05 was considered to be statistically significant.

Results
=======

Protein oxidative damage was assessed by the measurements of bityrosines and thiol group content. As shown in Figure [1](#F1){ref-type="fig"}, 17- and 60-hour inhalations of O~2~mol or O~2\ neg~were associated with a significant accumulation of protein bityrosines. When compared with the control guinea pigs, which inhaled atmospheric air, the 17- and 60-hour O~2~mol treatments increased bityrosines by 10.1% (p \< 0.01) and 10.9% (p \< 0.001), and the O~2\ neg~treatments increased bityrosines by 18.0% (p \< 0.001) and 11.3% (p \< 0.001), respectively (Figure [1](#F1){ref-type="fig"}). On the other hand, bityrosine content was unchanged by inhalation of O~2\ posit~.

![**Effects of 17 h (A) and 60 h (B) oxygenation treatments on bityrosine formation in guinea pig cardiac mitochondria**. Values are means ± SE of 5 experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 - significantly different compared with the airtreated group; \# P \< 0.05, \#\# P \< 0.01 - significantly different when compared with the O~2~-treated group.](2047-783X-14-S4-116-1){#F1}

All kinds of oxygenatio n treatments used decreased thet hiol group content, but to a different extend (Figure [2](#F2){ref-type="fig"}). The O~2~mol inhalation caused loss of thiols by 29.7% (p \< 0.01) and 21.1% (p \< 0.01) after 17- and 60-hour treatment, respectively. The O~2\ neg~inhalation resulted in decreases of thiols by 25.3 % (p \< 0.0 1) and 21.1 % (p \< 0.0 1). Changes in O~2\ posit~treated anim als were lower (17.6%, p \< 0.0 1 and 13.0 %, p \< 0.0 5), respectively.

![**Thiol group content in guinea pig cardiac mitochondria subjected to 17 h (A) and 60 h (B) oxygenation treatments**. Values are as means ± SE of 5 experiments. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 - significantly different compared with the air-treated group.](2047-783X-14-S4-116-2){#F2}

To determine whether oxygenation treatments lead to increased oxidative damage to lipids, we measured the formation of conjugated dienes. While inhalation of molecular O~2~was not accompanied by elevated lipid peroxidation, inhalation of partially negatively charged O~2~caused significant changes (Table [1](#T1){ref-type="table"}). When compared with the control guinea pigs, 17- and 60-hour O~2\ neg~treatment increased conjugated dienes by 18.4 and 11.9%, respectively. In contrast, O~2\ posit~treatment prevented lipid peroxidation, after 17-hour inhalation the level of conjugated dienes was significantly lower not only when compared with the animals which inhaled O~2~, but also those which inhaled atmospheric air. In order to determine whether lipid peroxidation products (LPO) can contribute to protein lesions fluorescence spectra of conjugates formed from LPO end-products and proteins were measured. As expected, a significant rise in LPO product-protein conjugates was observed only in mitochondria isolated from O~2\ neg~treated guinea pigs (Table [1](#T1){ref-type="table"}).

###### 

Lipid and protein oxidative damage.

                       Conjugated dienes A233 nm/A215 nm   Protein-LPO (arbitrary units)
  -------------------- ----------------------------------- -------------------------------
  17 h inhalation of                                       
   Air                 0.266 ± 0.004                       84.6 ± 1.3
   O~2~mol             0.249 ± 0.014                       79.4 ± 1.3
   O~2~neg             0.315 ± 0.002\*\*\#\#\#             102.0 ± 2.1\*\#\#\#
   O~2~posit           0.215 ± 0.011\*\*\#                 87.4 ± 3.1
  60 h inhalation of                                       
   air                 0.277 ± 0.001                       79.8 ± 4
   O~2~mol             0.265 ± 0.009                       87.6 ± 5.6
   O~2~neg             0.310 ± 0.009\*\#\#                 101.8 ± 3.2\*\#
   O~2~posit           0.236 ± 0.011                       74.4 ± 2.1

Values are given as means ± SE of 5 experiments. \*p \< 0.05, \*\*p \< 0.01 -

significantly different compared with the air treated group; \#p \< 0.05, \#\#p \< 0.01,

\#\#\#p \< 0.001- significantly different compared with the O~2~treated group.

The effects of oxygen treatments on mitochondrial function were evaluated by measuring the activity of the KGDH complex. As shown in Figure [3](#F3){ref-type="fig"}, individual oxygen treatments affected enzyme activity differently. Compared with the control guinea pigs, the activity was 13.7% (p \< 0.001) and 21.2% (p \< 0.001) lower in animals, which inhaled molecular O~2~for 17- and 60- hours, respectively. Inhalation of O~2\ neg~was associated with a more pronounced change in the activity, it decreased by 27.3% (p \< 0.001) and 48.2% (p \< 0.001) of the control level after 17- and 60-hour treatments, respectively. Moreover, these activities were also significantly lower when compared with the O~2~treatment. In contrast, there were no significant changes in KGDH activity between the guinea pigs inhaling air and O~2\ posit~.

![**Effects of 17 h (A) and 60 h (B) oxygenation treatments on KGDH activity in guinea pig cardiac mitochondria**. Values are means ± SE of 5 experiments. \*\*P \< 0.01, \*\*\*P \< 0.001 - significantly different compared with the airtreated group. \#\# P \< 0.01, \#\#\# P \< 0.001 - significantly different compared with the O~2~-treated group.](2047-783X-14-S4-116-3){#F3}

Discussion
==========

In this study, long-term oxygenation was used as a model for the determination of ROS-induced oxidative damage. In addition to classical oxygenation, we studied the effects of inhalation of oxygen which was partially ionized in a high-voltage plasma chamber \[[@B8],[@B11]\]. Previous experimental and clinical studies have demonstrated beneficial effects of this therapy in comparison with inhalation of molecular oxygen \[[@B7],[@B8],[@B11],[@B12]\]. Our results demonstrate that 17- and 60-hour inhalation of 100% oxygen is accompanied by increased oxidative damage to lipids and proteins and by loss in KGDH activity in mitochondria of the guinea pig heart. Free radical-induced oxidative damage and enzyme inhibition was even more pronounced when inhaled oxygen was partially negatively charged. On the other hand, when inhaled oxygen was partially positively charged, structural and functional changes were lowered or completely eliminated.

Our study shows that oxygenation treatment increases oxidative stress in mitochondria, which are known to be a major intracellular source of ROS/RNS and a vulnerable target of their damaging effects \[[@B13]\]. Accumulation of mitochondrial oxidative damage is in agreement with earlier study showing that a rise in partial pressure of O~2~markedly increases H~2~O~2~formation in isolated cardiac mitochondria \[[@B14]\]. To further understand the mechanism of oxygenation-induced mitochondrial injury, we examined the KGDH enzyme activity. This enzyme is essential for mitochondrial energy metabolism and other biological function, because it catalyses a critical step in the citric acid cycle that limits the amount of NADH available for respiratory chain \[[@B15]\] and regulates the level of the essential metabolite α-ketoglutarate \[[@B16]\]. KGDH is known to be highly vulnerable to oxidative damage; it has been found to be inhibited by various ROS/RNS including H~2~O~2~\[[@B17],[@B18]\]. Our study shows that a rise in partial pressure of O~2~is associated with KGDH inhibition. The possible mechanisms by which inhalation of O~2~mol could inactivate KGDH include oxidation of thiol groups or bityrosine formation, which were found to be significantly changed during the treatment. Analysis of KGDH composition revealed 32 moles of thiol groups per mol of enzyme and the absence of disulfide bridges \[[@B19]\]. It has been shown that thiol groups of the enzyme play a critical role in substrate binding and thiol-disulfide exchange can affect the activity \[[@B20]\]. There are no data in the literature on bityrosine formation in KGDH exposed to ROS, but nitration of tyrosine residues was shown to inhibit its activity \[[@B21]\]. It is then possible that other oxidative tyrosine lesions, including bityrosine formation, might also cause inhibition of KGDH.

In O~2\ neg~treated guinea pigs inhibition of KGDH was much more pronounced than in O~2~mol treated animals, although the changes in the contents of thiol groups and bityrosines were similar. These data suggest additional mechanism of KGDH inhibition during O~2\ neg~treatment. In contrast to the other treatments, inhalation of partially negatively charged oxygen was accompanied by a significant rise in conjugated dienes, the markers of LPO., Reactive aldehydes, such as malondialdehyde and 4-hydroxynonenal (HNE), are generated during LPO and these compounds are potentially highly toxic for various cell components, particularly for proteins. Humphries and Szweda \[[@B22]\] have shown that incubation of cardiac mitochondria with HNE results in selective inhibition of KGDH and pyruvate dehydrogenase. We assessed a degree of modification of protein lysine residues by reactive aldehydes by measuring their fluorescence spectra. Our results show that the accumulation of fluorescent lysine derivatives occurs only in mitochondria from animals that inhaled O~2\ neg~. Thus, an indirect protein modification, mediated by LPO, might be the possible cause of a greater loss of KGDH activity in O~2\ neg~compared with O~2~mol-treated animals. Since KGDH is a rate-limiting enzyme of oxidative phosphorylation, its inhibition is likely associated with impairment of heart energy metabolism and subsequently heart function. In this respect, our findings that inhalation of O~2~-enriched with positively charged O~2~is accompanied by preservation of KGDH activity is of considerable importance. Diminished oxidative lesions in mitochondrial lipids and proteins suggest that elimination of ROS/RNS is a likely mechanism of O~2~pos protective effects. These data suggest that O~2pos~oxygenation can be an alternative to antioxidant supplementation, whose efficiency to prevent oxidative damage caused by oxygen therapy is not unequivocal.

In conclusion, our study provides evidence that oxygenation treatment is associated with oxidative stress and loss of *α*-ketoglutarate dehydrogenase activity in mitochondria of the guinea pig heart. These adverse effects were prevented when inhaled oxygen was partially positively charged. Our findings support the view that ionized oxygenation optimizes the effect of oxygen therapy.
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